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An account of the various methods which have
been used in an attempt to measure the rate of sap
flow in plants has been given by Crafts, Currier and
Stocking (2). Methods which require the measure-
ment of the amount of material moving through a
known cross-sectional area, or the timing of the move-
ment of some material indicator such as salts, dyes or
radioactive material, suffer from the disadvantage
that the vessels conveying the sap stream must be
severed, either to measure the quantity of sap or to
introduce the indicator, causing an unknown disturb-
ance to the initial state. Our experience confirms that
on cutting the vessels of a living tree the rate of sap
flow always changes greatly in magnitude, often in-
stantaneouslv.

Heat used as an indicator, however, does not have
this disadvantage as it can enter the sap stream by
thermal conduction through the walls of the vessels.
Measurements using heat have been made by Huber
(5) and his school (e.g., Huber and Schmidt (6)), and
Dixon (3). Huber's first experiments were made on
a tropical liana with such a high rate of sap flow
that heat applied for one or two seconds was still
recognizable as a pulse at the junctions of a thermo-
couple 30 cm downstream from the heater. The time
till the first appearance of heat at the thermocouple
was assumed to be the same as the time taken for the
sap to move this distance.

For slower sap speeds it became essential to dis-
tinguish between the effect of convection by the mov-
ing sap and the transport of heat by thermal con-
duction. Dixon achieved this by placing the thermo-
junctions at distances of 1 cm and 2 cm from the
heater and considering only cases when the more dis-
tant junction at some stage indicated a higher tem-
perature than the nearer one. Huber and Schmidt
(6) devised a method for the same purpose in which
one junction was 2.0 cm downstream and the other
1.6 cm upstream from the heater. In all these experi-
ments the heater wires and the thermojunctions were
laid either on the intact bark or just under the bark
on the surface of the sapwood.

There are two fundamental drawbacks to these heat
transport experiments. First, it will be shown below
that the assumption made in each case that the speed
of the sap is identical with that of the heat pulse is

1 Received March 10, 1958.

not justified. In conifers the sap speed is actually
about three times that of the heat pulse. Secondly,
comparison between the curves presented for galva-
nometer deflections versus time and those calculated
theoretically shows that, in spite of cotton wool
lagging, there was considerable loss of heat; this re-
duces the usefulness of the results.

A detailed criticism of previous work is given be-
low in the Discussion.

THEORETICAL
In order to avoid unknown surface losses, the

present method uses a heater in the form of a
straight line perpendicular to the surface, the tem-
perature being measured at a point far enough below
the surface to avoid the effect of these losses. The
method of analysis adopted was the usual one of con-
sidering an idealized, simplified structure which is
amenable to mathematical treatment, and then trying
to explain discrepancies between the ideal, theoretical
predictions and the experimental results by a reas-
sessment of the simplifying assumptions involved in
the mathematics.

For a start ignore the wood substance and con-
sider the xylem to consist of nothing but sap, at rest
in the first instance. Assume in these first illustra-
tions that turbulence in the sap can be ignored. Con-
sider a quantity of heat released instantaneously along
a straight line in the sap. This heat will gradually dif-
fuse throughout the sap by the process of heat con-
duction, until eventually all the sap has its tempera-
ture raised by the same infinitesimal amount (assum-
ing the xylem to be effectively infinite in extent so
that the surface effects can be ignored). The tem-
perature at any point will rise to a maximum and
then fall much more slowly to its original value (see
fig 2). For a given quantity of heat the temperature
at the point at a given time will depend only on the
diffusivity of the sap, a quantity which depends on
the thermal conductivity K, the density p, and the
specific heat c of the sap. In fact

Diffusivity, k = K/Pc.
Now consider the sap to be moving with uniform,

parallel motion perpendicular to the straight line
heater. In this case the movement of the pulse of
heat will depend not only on conduction but also on
convection due to the bodilv movement of the sap.
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This is illustrated in figure 1, wh(
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FIG. 2 (bottom). Theoretical cur

rise against time at the point 1.5 cmr

the heater, for heat-pulse velocities, I

cm/hr. Diffusivity, k = 0.0025 cm2/sec

ere the abscissa is rise against time from the release of the heat pulse, at
ter can be visual- the point 1.5 cm downstream in a medium with dif-
ten, since the tem- fusivity, k =0.0025 cm2/sec for four different veloci-
ional, all points on ties, V cm/hr, of the medium. For a given quantity
the same tempera- of heat, the temperature at a point at a given time
ension replaced by will depend on both the diffusivity of the sap and its

velocity. Figure 1 shows that when the effect of con-
duction is at all comparable with that of convection,
the temperature rise at a point will reach its maxi-
mum value before the center of the heat pulse reaches
the point. This is due to the rapid diffusion of the
pulse. Consider, for instance, the situation at x = 1.5
cm; the temperature there is higher at 2 minutes than
it is when the center of the pulse arrives at 3 minutes.
Consequently the value obtained by dividing the dis-
tance to the point by the time to reach the maximum
temperature will be an overestimate of the speed of
the medium.

So far the xylem has been assumed to consist of
t = 6 nothing but sap. Consider a more realistic model, a

material consisting of wood substance perforated by
\'_.._ many uniformly spaced, parallel straight tubes

through which sap flows at a uniform velocity. The
AM, x (cm.) way in which heat flows in this structure will depend

on the time taken for any temperature difference
between adjacent portions of sap and wood substance
to disappear, and this in turn depends on the thick-
ness of the tubes and the separating walls. Fortu-
nately the xylem of a conifer like Pinus radiata, on
which most of the present work has been performed,
is sufficiently fine-structured to allow it to be treated
as a homogeneous mixture from the point of view of
heat transfer. The wall thickness of the tracheids is

about 10 ju (8) and from the formula, t=
312

(1, see-
8k

tion 36) for the time t seconds required for a slab of
D V-O thickness 1 cm and diffusivity k cm2/sec to heat up...........-. O to the temperature of its surfaces, we have t - 10i4
-.-... seconds, taking the diffusivity of wood substance as

0.004 cm2/sec. Since the time for the temperature
6 8 to reach a maximum at the measuring point, 1.5 cm6 8 from the heater, is always of the order of minutes in

practice, this time of 0.1 millisecond is quite negligible.
Lture distribution at The case when the non-convecting material is so
ter release of heat thick that the time to come to temperature equilib-
in/hr. Diffusivity, rium with its surroundings is not negligible, is compli-

cated and has not been treated mathematically. This
ves of temperature is discussed in the Results in the section on the Ab-
downstream from sence of Thermal Homogeneity.

V = 0, 10, 30 and 60 The differential equation for conduction of heat in
a homo7eneous, isotropic solid with diffusivity k is:

As the heat pulse diffuses by conduction it is also
moving with the steady velocity of 30 cm/hr. For
instance, after three minutes the pulse is cylindrically
symmetrical about the ordinate through x = 1.5 cm.

The temperature at a point directly downstream
from the heater will rise to a greater maximum than
if the sap were stationary, and at an earlier time. It
will also return to its original value more quickly.
Figure 2, for instance, shows curves of temperature

at=k (8x + ay + e2

where v is the temperature.
If now a fraction, a, of any plane area perpendic-

ular to the x-axis is occupied by sap streams moving
with uniform velocity u parallel to the x-axis, then
the layer of material bounded by the planes x and
x + 8 x gains heat at a rate per unit area equal to:

FL- '-
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Ov
-aup8c8 - Ax

ax

where p8 and c8 are the density and specific heat of
sap. Inclusion of this term in the derivation of equa-
tion 1 yields the differential equation for combined
conduction and convection:

kV2v = + au Pc (2)

where k, K, p and c refer to the wet wood, i.e., the
wood substance together with the stationary and the
moving sap. For rising sap the positive direction of
x (and u) is vertically upwards.

Dry wood is actually not isotropic, but has a
greater conductivity along the grain (K,) than across
the grain (KY and K.). Wet wood may also be
anisotropic although probably to a smaller extent.
This can be allowed for (1, Section 13) by putting
Y= YKx/Ky and z1 = zK/Kz, which leaves equa-
tion 2 unaltered in form.

Equation 2 is of the same form as the equation
for pure conduction in a medium moving in the x-
direction with velocity:

V = au p8cs (3)
pc

(7); that is, the stationary wood and the moving sap
together act like a single medium moving at a speed
defined by V. This speed is less than that of the sap
itself; it is in fact a weighted average of the veloci-
ties of the sap and the stationary wood substance.
This is not altogether surprising when we consider
that in the wood alone the heat pulse would remain
stationary as it diffused, while in the sap alone the
pulse would move at the same speed as the sap.

The solution for an instantaneous line source of
heat along the z-axis, which is relevant to the present
method, has been given for the case of a non-moving
medium (1, Section 103):

4 xrkt [ 4kt J

(Q is defined to be the temperature to which the
amount of heat liberated per unit length of the line
would raise unit volume of the substance. This
means, when c.g.s. units are used, that Qpc cals/em
are released along the line.)

From this we can write the corresponding solution
of equation 2:

V kA[e (x- Vt)2 + y2 (4)

It will now be seen that figures 1 and 2 also apply
to this model for green wood as well as to the case of
xylem consisting of sap alone, and these figures were
in fact calculated from equation 4. The diffusivity is

now that of green wood, and may be expected to lie
somewhere between the values 0.0014 and 0.004 cm2/
sec, the approximate values for sap (or water) and
dry wood substance respectively. The diffusivity will
not be known in any particular case since it depends
on the moisture content of the sapwood and possibly
on other factors.

Thus in general there are two unknown quantities
which specify the nature of the heat flow, the diffus-
ivity which is a measure of the heat conduction, and
the heat-pulse velocity which measures the heat con-
vection. The latter in turn must be related to the
actual speed of the sap flow.

Even with considerable experience it is very diffi-
cult to make more than a rough guess at the diffus-
ivity and the velocity associated with a temperature-
rise versus time curve simply by visual inspection.
Figure 4 gives some idea of the range of pairs of val-
ues for veiocity- and diffusivity which all give curves
with the same time for inaximum temperature rise at
a given point, the sharper curves being associated with
faster convection and lower diffusivity. The actual
magnitude of the maximum temperature rise is dif-
ferent for each of these curves, but the temperature
scale has been arbitrarily adjusted in each case to
make all the curves pass through the same maximum
point.

It is impractical to use the numerical value of the
temperature rise for measuring purposes, owing to
the difficulty of releasing an exactly known quantity
of heat in the pulse, and of accurately calibrating the
temperature measuring device. Instead formulae are
used which enable the heat-pulse velocity and the
diffusivity to be determined in terms of the relative
temperature rises at known times. The most useful
formula, which uses any three times such that the
middle one is the average of the other two, will now
be derived. Other formulae are derived in the ap-
pendix.

First eliminate Q, by substituting two points on
the curve, (v1, tl) and (v2, t2), in equation 4 and
dividing:

(nVltl _ (X - Vtl)2 + y2 + (X - Vt2)2 + y2
lnV2t2/ 4kt + 4kt2

This may be simplified to give:

n (Vt (t - t2) 2 + Y 2)
V22 4ktlt2(x±y-Vtt) (5)

A similar equation may be written for points (v3,
t3) and (V4, t4) giving a pair of simultaneous equa-
tions in k and V2.

If the times t, to t4 are chosen so that
t2 - tl = t4 - t3 and t2 = t3

i.e., if
tl + t4 = t2 + t3 = 2t2,

the following solutions are obtained:
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1t1 log1o Vit-it4 lglOl v4t4

V = 60r
\V2t4
2mIh

t1t2t4 log1o (Vt2v4t4

k =
3.619r2 (t2 - tl)2 X 10-13I2/SeC (6)

t1t2tlog10 (VltlV4t4)

where r2 = x2 + y2 and t is in minutes.
More recently charts have been drawn which en-

able V and k to be read off directly from the ratios
v2/v1 and v4/v1.

On carrying out experiments on actual trees a
number of departures can be expected from the
simplified model discussed here. In particular, it is
known that as the sap flows through the xylem it
follows devious paths from one tracheid to another,
and so the assumption of parallel, uniform flow does
not hold except as a first approximation. Again, the
heater and temperature measuring probe are of finite
dimensions and, m&y cause distortons- in the, floow of
thfeheat -n"d of lthe sap5. Then also, once the heat-

pulse velocity has been found there remains the prob-
lem of obtaining a numerical value for the fraction a

needed to relate this velocity to the actual speed of
the sap flow.

EXPERIMENTAL EQUIPMENT
When making measurements on branches or roots

under about 2 inches in diameter the simplest and
best form of line heater is a length of 26 swg nichrome
resistance wire threaded through a fine hole, usually
along a diameter. A current of up to 40 amps is
passed through this heater for 1 or 2 seconds by
means of a 240/24V step-down transformer; the
smaller the sap flow, the greater the current required
for the same maximum temperature rise at a given
point downstream.

For measurements in the sapwood of the trunk,
both terminals of the heater must be at one end. The
heater in this case consists of a piece of steel wire,
which provides strength and a low electrical resis-
tance, inside a tube woven of fiber glass. A piece of
nichrome wire welded to the end of the steel returns
outside the fiber glass and the whole assembly is
bonded with a silicone varnish, the diameter being 2.5
mm. The whole length of the resistance wire must
be well exposed on the surface, otherwise the heat-
insulating effect of the electrical insulation causes a

"tail" on the heat pulse which alters the shape of the
temperature time curve to an unknown extent.

The temperature is measured by means of a Phil-
ips 83900 3K5 thermistor set in the tip of a 21 swg
hypodermic needle, the needle itself forming one lead
and the other passing up the hollow core. The
thermistor forms one arm of a Wheatstone bridge
which is supplied from an oscillator with 1 kc/s A.C.
at about 1 volt. The out-of-balance signal is ampli-

fied, rectified and recorded on an Esterline-Angus re-
cording milliammeter. The most sensitive range set-
ting normally used gives a full scale deflection for
about 0.5° F temperature rise and the heat input is
usually chosen to give a maximum temperature rise of
this order.

The thermistor probe and the heater are inserted
in parallel holes drilled with the aid of a guiding
block, the finer drills being simply chisel-ended pieces
of blue steel wire. The spacing of 1.5 cm used most
of the time is a compromise between the greater sig-
nal obtained with a smaller spacing and the associ-
ated increase in the percentage of error.

In field equipment under construction, the heating
current will be supplied from an accumulator, and
battery-powered electronic devices will operate indi-
cating meters instead of a recorder.

Since iron is a much better conductor of heat than
wood it might be expected that the probe would
cause a local distortion in the temperature distribu-
tion in the wood by heat loss to the outside air. This
possibility was examined by calibrating the thermistor
at room temperature over a range of a few degrees,
under -th,ree- conditions; with the needle completely
immersed in water, with 2.2 cm of the needle pro-
truding into the water from the cork which is nor-
mally used to cover the exposed part of the needle,
and with 1.0 cm of the needle protruding. Compared
with the first case there was found to be a reduction
in sensitivity of about 1.5 % in the second case, and
2.5 % in the third. Theoretical considerations indi-
cate that a steady rate of heat loss through the
needle, proportional to the temperature rise, is es-
tablished within a few seconds, resulting merely in a
slight reduction in the temperature rise scale of the
curve, without distortion. This conclusion is sup-
ported by the fact that curves for zero sap flow, for
which the effect of heat loss through the probe would
be greatest (since the temperature rise stays at high
values for a longer time), give an average value for
the heat-pulse velocity of zero, although the effect of
a considerable heat loss would be to increase the ap-
parent value of this velocity because of the increased
reduction of the temperature rise ordinate with time.

EXPERIMENTS AND RESULTS
The experiments to test the validity and usefulness

of the above theory fell into two stages. First it was
necessary to find whether the curves of temperature
rise versus time were in fact of the predicted type,
after which it was necessary to find a practical way
of deducing the rate of sap flow from the heat-pulse
velocity.

VERIFICATION EXPERIMENTS: The first experi-
ments were made on pieces of cut-off branch which,
having zero sap flow, eliminated one of the two un-
known quantities, and thus facilitated comparison
with theory. The experimental records obtained (fig
3 a) were analyzed by applying the formulae to
numerous sets of three points on the curve. If each
set gave zero for the heat-pulse velocity, and the
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FIG. 3. Experimental records. The vertical arrows show the moment of application of heat. (The heater wire
is left permanently in place while a series of measurements is made at one position.) Due to the construction of
the recorder the ordinates (temperature) are circular arcs and the time axes (numbered in minutes) are reversed.
The break-off at the tail of each curve marks the moment when the chart speed was switched to "slow" to await
suitable conditions for another measurement.

(a) Analysis gives: Heat-pulse velocity, V = 0; diffusivity, k = 0.0029 cm2/sec.
(b) For the right-hand curve analyses range from V = 314 cm/hr, k = 0.00435 cm2/sec to V = 283 cm/hr, k = 0.0102

cm'/sec. (For this measuring position when the flow was zero. k = 0.0020 cm2/sec.)
(c) Double peaked curves. See text.

same value for the diffusivity this, of course, would
indicate exact agreement with theory.

In fact, the values for the square of the heat-
pulse velocity in cm/hr lie between + 10, giving an
average value very near the correct value (zero), and
indicating a possible error for any one set of points of
3 or 4 cm/hr.

These and later experiments indicate that pro-
vided the thermistor is not less than about 0.5 to 1
cm below the surface, the finite dimensions of the
piece of wood and the heater and probe do not cause
any appreciable deviation from the theoretical case,
with its assumption of an infinite medium and in-
finitesimal experimental apparatus.

A complicating factor which appeared from the
start is the variation of the ambient temperature
inside the wood. This effect is always present to
some extent and is inevitable when first making a
measurement in a particular place because drilling the
holes upsets the original temperature distribution.
When the sap flow is comparatively fast the tempera-
ture settles down to a fairly steady value within a
few minutes, and fortunately even in cases where the
base line temperature continues to fall or rise for a
long period it usually does so at a steady rate, which
can be extrapolated with considerable accuracy for
some minutes beyond the moment of application of
heat. Uncertainty in this connection is probably the
cause of the spread in the values calculated for the
heat-pulse velocity above.

Experiments to test the case of non-zero sap flow
were begun on a number of conveniently located
conifers, mostly Pinus radiata, but the site of the
experiments was soon transferred to a plantation of
12-year-old Pinus radiata on the sandhills at Wood-
hill, Auckland, New Zealand. Since it was permissible
to mutilate these trees, we carried out dye experi-
ments with acid fuchsin simultaneously with the heat
experiments and were thus able to obtain some inde-
pendent confirmation of the inferences from the heat
experiments. The fact that dye experiments cause a
major disturbance to the tree and the ultimate de-
struction of the part measured did not matter of
course, in these exploratory experiments.

On analyzing the records obtained when the sap
is in motion (e.g., fig 3 b) it is usually found that the
calculated values for the heat-pulse velocity for par-
ticular sets of three points differ by up to 10 % be-
tween the greatest and the least, the value decreasing
as the point corresponding to the longest time is taken
further out on the tail of th-e temperature-rise versus
time curve. (This time is usually not chosen greater
than twice the time for the temperature to reach the
maximum.) At the same time the calculated values
for the diffusivity increase, but even the smallest
value is usually considerably greater than the diffus-
ivity measured at the same place when the sap flow
is stopped, and this difference is greater the greater
the heat-pulse velocity. (It is rather as if, for in-
stance, the rising part of the curve were like that of
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curve b in fig 4 and the falling part like that of curve
c in the same figure).

The explanation of these effects seems to be in the
fact that the various sap streams whose combined ef-
fect produces the recorded curve are flowing at dif-
ferent speeds. If instead of assuming one uniform
speed for the sap, it is assumed that all speeds within
a certain range are present with equal effect, it has
been found possible in the two or three cases tried, to
find a theoretical curve which fits the experimental
one almost exactly. This is illustrated in figure 5,
where the full line is the experimental curve. Analy-
sis of the three points marked with arrows gives 178
cm/hr for the heat-pulse velocity and 0.0031 cm2/sec
for the diffusivity. The correct curve for these values
is shown by the pecked curve (which intersects the
experimental curve at the three analysis points).

. I . ~~~~~I. I

6 2 4 6
TIME, t (min.)

IAJ1,1

-; 1"0

gL~~~~~~IU 50A<DIATA
ROOTCUTI

w

0 10
TIME (min.)

20 30

Similarly analysis of the two points indicated by a
solid circle gives heat-pulse velocity 168 cm/hr and
diffusivity 0.0059 cm2/sec, the correct curve for
these values being shown dotted. Neither of these
calculated curves fits the experimental curve at all
well, but if a uniform distribution of heat-pulse ve-
locities between 97 and 240 cm/hr is assumed, with a
diffusivity of 0.0025 cm2/sec for the green wood, the
8 points marked by crosses are obtained. The points
marked by hollow squares, which fit the experimental
curve a little better than the crosses at some points
and not quite so well at others, correspond to a spec-
trum between 100 and 238 cm/hr with a diffusivity
of 0.0023 cm2/sec.

Notice that the diffusivity associated with the
spectrum of velocities is between 0.002 and 0.003
cm2/sec, approximately the same as the values ob-

w
U)

w
cr

4

uJ
uJ
I-

TIME, t (sec.)

HEAT-PULSE VELOCITY, V (cm.Ihr)

FIG. 4 (top left). Theoretical curves for various heat-pulse velocities, V, and diffusivities, k, at 1.5 cm down-
stream. (a) V = 39.9 cm/hr. k = 0.001 cm2/sec. (b) V = 34.1 cm/hr. k = 0.002 cm2/sec. (c) V = 27.0 cm/hr. k = 0.003
cm'/sec. (d) V = 17.2 cm/hr. k = 0.004 cm2/sec. (e) V = 0. k = 0.00469 cm2/sec.

FIG. 5 (top right). For explanation see text.
FIa. 6 (bottom left). The change in sap speed on cutting roots.
FIa. 7 (bottom right). Theoretical curves for the quotient x/t = distance/time to "first onset" at the point 2 cm

downstream against heat-pulse velocity, V, for the cases of diffusivity, k = 0.002 and 0.003 cm2/sec. (Q and v in
equation 9 were chosen to make both curves go through x/t = 40 cm/hr at V = 0.) The full line is the curve that
would be obtained if there were no conduction, only convection, i.e., if V = x/t.
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tained in the absence of flow. The over-simplified
analysis assuming a single velocity, attributes the
spreading out of the heat pulse to a high diffusivity.

The mathematical expression for the temperature
rise in the case where there is a uniform distribution
of heat-pulse velocities between V1 and V2 is ob-
tained by integrating equation 4:

v= Q x vexp[ (x Vt)2 dV4irkt V2 ViJvVi L 4kt

Q
4t \/vkt (V2 -

erf (x -V2t)]

where erf is the error function defined by (1, Section
20):

2 ow
erf w =e-X2dx

-\/7 o

Variations in the rate at which the sap flows
through the xylem are to be expected, since the sap

as it flows from one tracheid to another may en-

counter varying degrees of resistance. On a larger
scale, dye experiments show that the flow rate may

differ greatly between paths separated laterally by a

few mm.

Some caution must be exercised, however, in ap-
plying this explanation in all cases, for measurements
described below in the section on the Absence of
Thermal Homogeneity show that a similar apparent
spread in speed values can be caused by regions of
non-convecting material more than a few mm thick,
for which the assumption of thermal homogeneity
essential to the mathematical analysis breaks down.

Since the appropriate values for the limits of the
spectrum of heat-pulse velocities for a particular re-

corded curve can only be found by laborious trial
and error, the records in practice have been analyzed
as if the velocity were single valued. In the cases

treated in detail the values obtained were close to
the average value for the spectrum (as may be veri-
fied in the case of fig 5). These findings on the non-

uniformity of the sap flow, however, necessitate a

reassessment of whether the "sap speed" is the most
useful concept for describing the rate of sap flow.
This matter will be discussed below.

CALIBRATION EXPERIMENTS: The general validity
of the theoretical analysis having been established,
there remained the problem of relating the heat-pulse
velocity to the rate of sap flow. Equation 3 cannot
be applied directly because the fraction a is not
known; it cannot be deduced from the moisture con-

tent of the xylem because only a portion of this
moisture consists of moving sap.

During the simultaneous dye and heat experi-
ments discussed above some attempt was made to
obtain a direct calibration of the heat transport
method against the distance moved by the dye in a

known time. Although this procedure would make
the present method simply a refinement of the dye
method it would still have the great advantage that
once a calibration had been obtained for a particular
tree, further measurements could be made on the
same part of similar trees without disturbing them
beyond drilling holes for the heater and probe. There
is still the disadvantage, however, that it is not known
whether the dye travels as far as the sap before being
deposited on the vessel walls, and in any case the dye
will only indicate the maximum speed along a given
dyed path without giving any indication of the vari-
ation in speed in that path.

In actual fact the wide variation over the cross-
section in the distance travelled by the dye allowed
only a rough estimate of the average sap speed, but
it was usually between two and four times the heat-
pulse velocity. (This corresponds to a value for the
fraction a of the right order, somewhere between 15
and 40 %.) Although this aspect of the experiments
was not very useful, some of the results obtained are
instructive in showing the kinds of change in the sap
flow that may occur when the sap vessels are cut.
Two cases are illustrated in figure 6. Both measure-
ments were made on roots, about a foot away from
the trunk. A length of split rubber tube was clamped
at each end around the root and filled with dyed
water, and then the root was cut under the water at
a point about one foot below the measuring position.

The case of Pinus radiata is typical. After a
momentary increase (shown by dye measurements),
the flow decreases steadily. The case of apple was
the only measurement made on a hardwood. Drought
conditions were prevailing and the consequent sap
tension, and the removal of the flow resistance at the
roots probably explain the fourfold increase in sap
speed. It should be noted that this graph shows only
relative changes in the sap speed since the ordinate
is the heat-pulse velocity.

(The length of the arms of each cross in fig 6 is a
rough measure of the uncertainty in the velocity
measurements, or the time to take the measurement.
The unexpectedly fast flow in the apple root pre-
vented the use of the most suitable recorder chart
speed. Note that the faster the flow, the shorter the
time for each measurement and the more rapidly they
may be repeated.)

Since the experiments at this stage showed, 1st
that the sap speed may be far from uniform, and 2nd
that some of the analytical precision of the heat
transport method of measurement would be lost in
attempts at purely empirical calibration, it was ques-
tioned whether the sap speed (necessarily an average
value) was the best measure of the rate of sap flow.
The alternative was to use the volume rate of flow,
i.e., the number of cc of sap crossing each sq cm of
snpwood perpendicular to the direction of flow in unit
time. This concept is well known to physicists as
"flux."

It appears that values for sap speeds may be
used for two purposes, either to compare rates of sap
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flow at different times and different places (in the
same tree or different trees), or to relate the sap flow
to other numerical quantities such as the rate of evap-
oration from the leaves, or the moisture intake at the
roots. For the first purpose the sap flux is just as
useful a measure as the sap speed, and for the second
it is more useful because, to relate the sap speed to
quantities like the above (evaporation, moisture in-
take), the speed must first be multiplied by the un-
known factor a. For these reasons, and because the
relation between the heat-pulse velocity and the sap
flux is easily expressed in terms of quantities familiar
to the timber technologist, it was decided to use the
sap flux as the measure of the sap flow.

The quantity a u in equation 3 is, in fact, the sap
flux, and so the equation may be written:

Sap flux = au = Pc V (7)

The coefficient of V can be expressed in terms of the
basic density and the moisture content of the sap-
wood:

Basic density = p,,
o

Moisture content = mc

ven dried weight of wood
green volume

green weight - oven dried weight
oven dried weight

It is evident that p, the density of the green wood, is
given by:

p=pb(l +m')

The specific heat is given by:

cw + mccs
+ mc

where

cw=specific heat of oven-dry wood
=0.33 (4)

C= specific heat of sap (water)
= 1.00

PS - denwitv of sap
= 1.0

On substitution, equation 7 becomes:

Sap flux = Pb (mc + 0.33)V (8)

The moisture content is to be expressed as a decimal
fraction (not a percentage) and the density in g/cc.
Then if the heat-pulse velocity, V, is in cm/hr the
flux is in cc/sq cm/hr.

The verification of equation 8 was carried out in
laboratory experiments in which water was sucked
through a length of wood by means of a vacuum

pump. Roots or slender tree tops were discarded
after a brief trial because even with the end surfaces

freshly cut the flow decreased too rapidly with time,
and varied too much over the cross-section.

With the object of getting a more uniform rate of
flow over the cross-section, dowels 2.8 cm in diameter
were made from the sapwood of freshly milled pine
timber and lacquered on the sides to prevent air leak.
Each cross-section contained parts of three annual
rings which were about 1 cm wide. These dowels
were found to have the added advantage that the
flow rate decreased only very slowly with time, al-
lowing greater control over the experiments.

The flux was measured by dividingf q, the volume
rate of flow of water through the dowel (in cc/hr) by
the area of the convecting cross-section (in sq cm).
The dye-in these experiments basic fuchsin decol-
orized with sodium metabisulphite-now served sim-
ply to define this convecting area.

Very dilute dye was run continuously while simul-
taneous measurements of the volume flow rate, q, and
the heat-pulse velocity, V, were made with different
rates of flow. These two measurements, q, and V,
were found to be closely proportional, confirming that
the heat-pulse velocity is indeed a measure of the
rate of sap flow.

In verifying equation 8 the uniformity of flow over
the cross-section was first checked by taking a series
of heat-pulse velocity measurements with the tip of
the thermistor probe at intervals of about 3 mm
along, a diameter of the dowel. (These measurements
were useful only when the depth was greater than
about 5 mm since the effect of heat loss at the surface
becomes noticeable at shallower depths.) On the
occasion when the uniformity was carefully checked
in this way, the cross-section was found to be com-
pletely dyed except for two strips 1 or 2 mm wide at
the late wood. In this case and in others where the
dye pattern was similar, the formula of equation 8
was found to be true within the experimental error
(a few percent). It does not seem worthwhile to
quote the numerical values here since in these labora-
tory experiments the rates of flow were about four
times greater than the highest measured in a living
tree (the latter beingf about 90 cc/sq cm/hr).

ABSENCE OF THERMAL HOMOGENEITY: When there
are bands of non-convecting material wide enough to
cause the condition of thermal homogeneity to break
down, the results are not so easily interpreted. This
situation has not been treated mathematically but a
qualitative picture can be obtained from simple
reasoning. Consider a non-convecting region abutting
on to the thermally homogeneous region at a plane
parallel to the direction of sap flow, and consider a
cylindrical pulse of heat perpendicular to the bound-
ary. As this pulse moves forward with the heat-pulse
velocity of the convecting region, the effect of the
non-convecting region is to retard the pulse near the
boundary, while at the same time the pulse extends
with further retardation into the non-convecting
region. For, as the pulse moves forward due to con-
vection, heat will be transferred by conduction from
the forward part into the non-convecting region, while
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at the trailing edge of the pulse some of the heat
deposited previously will be conducted back into the
convecting region.

These considerations are supported by experi-
ments on a dowel which contained both sapwood and
heartwood running parallel to the length of the
dowel. The zero flow in the heartwood was shown by
complete absence of dye. Measurements made with
the thermistor at various points along a diameter
perpendicular to the boundary of the two regions
gave non-zero values for the heat-pulse velocity at
depths up to 7 mm into the heartwood, the values
decreasing approximately linearly with depth. Analy-
sis based on the assumption of a spectrum of veloci-
ties indicated a wide spectrum with values ranging
down to zero.

It is possible that the uniform speed analyses of
this case may be taken at their face value, on the
interpretation that the heat transport method meas-
ures the sap flux over an area about 2 cm across
centered on the thermistor (when this is spaced 1.5
cm from the heater), and that there is still some flux
across this area as long as the thermistor is less than
about 1 cm into the heartwood.

In the same dowel there was a non-convecting
band about 5 mm wide flanked by dyed regions.
Here curves were obtained with two peaks corres-
ponding to heat-pulse velocities of about 225 cm/hr
and 65 cm/hr, the relative magnitudes of the peaks
changing when the thermistor was moved. It would
appear that the water in the neighboring regions was
moving with quite different velocities-certainly this
is further evidence that a moving pulse extends be-
vond the actual region of flow (fig 3 c).

DISCUSSION
It is clear that the findings described in this paper

necessitate a reinterpretation of all previous sap flow
measurements made by heat transport methods.
Previous workers have limited themselves to finding
the heat-pulse velocity, assuming this to be the same
as the sap speed, and have not always been success-
ful even in obtaining this velocity. Huber appears
to be the only one to attempt calibration experiments
(6) when he compared the results of his "compensa-
tion method" with the rate of flow of water through
twigs, measured in drops per second. At best such
experiments could show no more than a proportion-
ality between the heat flow measurements and the
volume rate of sap flow; there is no question of an
absolute comparison with sap speed. Huber simply
assigned to a particular flow rate (in drops/sec) the
speed indicated by his earlier heat transport method,
which itself was based on the assumption that the
time to the first appearance of a temperature rise at
the nearest thermojunction to the heater was the time
for the sap to travel the distance between heater and
junction.

Since the methods used by Huber and his school
(the originators and principal users of heat transport
methods) are based on this concept of the "first

onset" of heat, it is instructive to consider the theo-
retical connection between the heat-pulse velocity and
the time of first onset; that is, the time, t secs for the
temperature at a point distant x cm directly down-
stream from the heater to rise by a certain amount,
v° C. This is easily obtained from equation 4. Ad-
mittedly this equation applies to the case of homoge-
neous thermal mixing and absence of external heat
loss, whereas most of Huber's experiments were per-
formed on hardwoods with comparatively large sap
vessels and with measuring devices just under the
bark. But it is almost certain that the appropriate
equation for all cases of convective heat diffusion will
include the exponential term in equation 4, which is
the most important term in the present connection.
One finds that:

V = -
t (9)

where

a lIn 47rktv)

The expression a includes all the parts of equation
4 not in the exponential term, and being logarithmic
does not vary nearly so rapidly as do the quantities
t, v, Q and k themselves. It can be seen that the
square root term, which allows for the effect of heat
conduction, is not simply a constant to be subtracted

xfrom - in the case of slow sap speeds and ignored in
t

the case of faster flow. In fact this "correction term"
increases with increasing flow rate.

Equation 9 can be written in another way:
x = Vt + V\,4akt

which shows the separate effects of convection and
conduction more clearly. It gives the distance, x cm
which a temperature rise of v° C has reached after t
secs. Convection has accounted for a distance Vt as
expected, but conduction has added a distance roughly
proportional to . The value of a decreases with
the time, t, until it eventually becomes negative at
which stage there is no real value for x. This is be-
cause the heat pulse has become so diffused that even
at its center the temperature rise is less than the
threshold temperature rise, v° C.

xWhen - is plotted against heat-pulse velocity, V,
t

using equation 9 one obtains curves such as those in
figure 7, which are concave towards the V axis. It is
interesting that when Huber plotted his "uncorrected

xspeed," - (using his "compensation method"), against
t

the flow rate in drops/sec he found in most cases a
similar concavity. Huber indicated as a possible ex-
planation, the increase in convecting area with in-
creasing flow rate, but he did not verify quantitatively
that this effect was sufficient to account for the curva-
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ture. It is not even certain without further investiga-
tion that Huber's assumption, that the time of "lower
reversal" in his compensation method corresponds to
a time of first onset at the downstream junction, is
justified. But if this is correct, as seems quite likely,
then I consider it almost certain that the main reason
for the curvature lies in the variable correction term
in equation 9. That Huber himself was unconvinced
of the validity of his correction procedure is shown
by the concluding sentence of his discussion, namely:
"It is clear that theoretically a similar correction (i.e.,
subtraction of a constant to allow for heat conduc-
tion) is needed for all speed values at 4 cm spacing
(of heater and nearest junction), but at higher speeds
one can generally refrain from making this correction
if results of both methods are not to be directly com-
pared with one another."

Analysis of some of Huber's results relating to
hardwoods, on the basis of the present theory which
was developed for the case of thermally homogeneous
softwoods, shows considerable discrepancies as is to
be expected. In particular it is found that the mag-
nitude of the heat pulse has decreased much more
than the theory predicts in the 4-cm distance. This
is probably due to some or all of the following rea-
sons: heat loss to the outside air, the fact that much
of the heat remains as a stationary diffusing pulse in
the wood and only a portion is carried onward by
convection by the sap streams, and thirdly, loss of
heat from these sap streams to the unheated walls
of the vessels through which they pass. Further
research both experimental and theoretical is required
before the correct formulae can be found; in the
meantime no exact prediction can be made concerning
the value of a in the case of hardwoods, and hence of

x
the correction term to be subtracted from - to obtain

t
the heat-pulse velocity. One can only be certain
that the values given by Huber as "sap speed" are
really an overestimate of the heat-pulse velocity.

One aspect of the analysis of Huber's results adds
confirmation to the present theory. The time of
"lower reversal" in the case of zero flow leads to a
value for the diffusivity, and the theory is applicable
to all kinds of wood, or indeed to any material.
Huber's figures indicate diffusivities from 0.002 to
0.0044 cm2/sec, typical values for green wood.

Regarding Dixon's method of measurement (3)
one can say that for softwoods in the absence of heat
loss the estimate of heat-pulse velocity would be
correct, but in the case of heat loss or in hardwoods
the correct interpretation is uncertain.

Over and above all this there remains the fact
that the actual sap speed exceeds the heat-pulse
velocity, in the case of softwoods by perhaps as much
as 400 %, but for hardwoods probably by a much
smaller amount. It may be that some of Huber's
figures are fairly accurate if his overestimate of the
heat-pulse velocity should coincide with the excess of
sap speed over heat-pulse velocity, but no reliance
can be placed on this. His results, of course, remain

very valuable as a measure of relative rates of sap
flow.

It might be thought that the simplicity of the
"first onset" formula, equation 9, would make it more
useful in practice than our analysis formulae. With
our analysis charts, however, each curve can be an-
alyzed in a few minutes, and this method has the fol-
lowing advantages. In the first place, as previously
mentioned, there is no need to measure the quantity
of heat in the pulse or to calibrate the thermistor
equipment. Secondly, it is possible to find both the
heat-pulse velocity and the diffusivity from a single
measurement-there is no need to make a measure-
ment with zero flow in order to find the diffusivity.
-Our present methods allowed an accurate check on
the validity of the theory and revealed the non-uni-
formity of the sap flow discussed earlier in the section
on Verification Experiments, which would otherwise
have gone unnoticed. There may, however, be occa-
sions when the first onset formula would be useful,
such as when a large number of successive measure-
ments are to be made at one measuring point where
the variation in apparent diffusivity with heat-pulse
velocity has already been found.

SUMMARY
Apparatus incorporating a thermistor to measure

temperature rises of less than 0.50 F is used to meas-
ure the volume rate of sap flow through an area of a
few sq cm in the xylem of a conifer.

The method of measuring sap flow by heat trans-
port is put on a sound theoretical basis, confirmed by
experiment. The theory shows that the assumption
made by previous workers, that the velocity of a heat
pulse through the xylem is identical with that of the
sap, is not correct. This finding applies to all trees
but the exact mathematical relationship derived here
applies only to softwoods, which have a compara-
tively homogeneous xylem.

The present experimental method gives a measure
of both the heat conduction and the convection (heat-
pulse velocity) from the temperature-time curve of a
single heat pulse. If only relative sap flow rates are
required, the heat-pulse velocity is an adequate
measure, and the only injury to the tree consists in
drilling two fine holes. If, however, the actual sap
flux in cc/sq cm/hr is desired, a sample of the sap-
wood must be removed to measure its basic density
and moisture content. With the thermistor spaced
1.5 cm from the heater this sap flux is an average
over an area about 1.5 cm to 2 cm across, centered on
the thermistor.

The apparatus promises to be a useful tool in sap
flow research generally. The present experiments, for
instance, which were designed simply to verify the
theory, have shown the degree of dispersion in the
rate of sap flow and the extent of the change in flow
on severing the sap streams.

The author gratefully acknowledges the continu-
ous assistance and advice on all botanical aspects of
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this work of Mr. K. M. Harrow, Plant Diseases Di-
vision, Department of Scientific and Industrial Re-
search, Auckland, New Zealand, who originallv sug-
gested the project.

APPENDIX
I. OTHER ANALYSIS FORMULAE: If on p. 387 the

times t, to t4 are chosen so that:

=
t and t2 = t3

t1t2 t3t4

i.e., if

1 1 1 1 2
ti t4 t2 t3 t2

the following solutions are obtained:

V = 60r 2log1(Vv:2t224)

t2 {t4lOg1o (~L )- t1 logio

k = 1.8095r2 (t2 - tl)(t4 - tl) X 10

tit2 {tl IOgLO (V4t)- t4 log91 vit

where again t is in minutes.
V and k can thus be obtained in tei

of the temperature rises at three times s
middle time is either the arithmetic mear
monic mean of the other two.

If the point of maximum temperatu
tm) is used, only one other point of the
quired. For, by differentiating equatior
spect to t and equating the result to zerc

4ktm = X2 + y2 -V2tm2
Substituting t, = tm and to = ptm, where p
ber, in equation 5:

In Vm 1p X2+y2 -

PV2 p 4ktm
The solution of the simultaneous equatio
is:

=V 6r/2.303log=1 v,

IV2tm2 (12)

ns 11 and 12

p-1
P em n/hr

2.303 logio V\'') + p-1

k= Pr2 X (p - 1)2 cm2/sec
where m

2.303 logioim + p-m1

where tin is in minutes.

Alternatively, the two values of v may be chosen
in a particular ratio. If v, = nvm we have:

/2.303 ilog1ot +1 t

,0r nt\ tiV = 60 | nt) t cm/hr
m 2.303 log1o 1t) 1 +

(14)

tm t2~~~~~~~~~t + t' 2
k = r

x ti tm cm2/see240tm 2.303 logio (tin) 1 + t
wtntin tm

where t is in minutes.
Formulae 13 and 14 are not as accurate as 6 and

10 as the point of maximum temperature rise cannot
be determined very accurately, especially at slow sap

1v2t2Y7 speeds.
tv4t4)J II. A METHOD FOR SLOW RATES OF FLOW: If it is

desired to distinguish accurately between rather slow
cm/hr (10) rates of flow (V less than 10 or 15 cm/hr) and defi-

nitely zero flow, a very sensitive system is obtained
t-3 by recording the temperature at two points at equal

cm2/sec distances above and below the heater. If v1 and v2
~J > are now the temperature rises at time t at (x1, yl)
;12Jand (x2, Y2) respectively, then:

rms of ratios 4kt ln vl= (x22 + y22) - (x12 + yi2)
,uch that the V2
n or the har- + 2Vt (xi -x2) (15)

ire rise (yi, If now x2=-xl and Y2=-y1, we have:

curve is re- k \
n 4 with re- V =-ln v' ) cm/sec
,we get: xl V2

(11) Thus, if r is the distance between the heater and each
temperature measuring probe, and 6 is the angle

is any num- between the direction of flow and the line of probes
and heater,

8289k lv cV Cos 0 = r~ log1o cm/hr (16)

In this case the measurement gives the component of
the sap speed along the heater probe direction,
whereas the previous formulae for a single probe, in
which x and y occur only in the form x2 + y2=r2,
give the magnitude of V but no precise information
about the direction of flow. As the probe moves
further from the x-axis the effect is simply to reduce
the v-scale of the (v, t) curve without altering its
shape. This is shown by putting x12 + y12 = x22 + y22
in equation 15; the resulting equation does not contain
t, showing that at any instant the temperatures at
two points equidistant from the heater are always in
the same ratio.

Equation 16 is useful for ratios of v, to v2 up to
about 20, corresponding to V cos 6 = 18.0 cm/hr
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when r = 1.5 cm and k = 0.0025 cm2/sec. To use this
system the apparatus was modified to record either
v1 (as usual) or the difference, v1 - v2. As v1 is re-
corded the output is occasionally switched to (vl
- v2), thus checking that the ratio v1/v2 is constant
with time. The value of k is found using the previous
formulae, and used in equation 16 to obtain V cos 6.
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IDENTIFICATION AND ESTIMATION OF CATABOLIC
PATHWAYS OF GLUCOSE IN FRUITS1'2

R. D. BARBOUR, D. R. BUHLER3 AND C. H. WANG
DEPARTMENT OF CHEMISTRY, OREGON STATE COLLEGE, CORVALLIS, OREGON

The catabolism of glucose and its breakdown
products in plants has recently undergone intensive
studies in many laboratories (1). Glucose is believed
to be utilized for respiratory functions mainly by way
of the Embden-Meyerhof-Parnas (EMP) glycolysis
and to some extent via the pentose phosphate path-
way (2, 6). On the other hand, information on the
overall catabolism of glucose in fruit is rather limited
although the operation of the tricarboxylic acid cycle
(TCA) process, which presumably plays an important
role in the catabolism of acetate and pyruvate, has
been demonstrated in tomato and pepper (4, 7, 10).
In the present work, studies have been extended to
include the identification and estimation of pathway
participations in glucose catabolism of intact fruits.
Using the radiorespirometric method of Wang et al
(11), the occurrence of an oxidative pathway involv-
ing a preferential oxidation of C-1 of glucose was
detected in four varieties of fruits tested. Quanti-
tative evaluation of pathway participations in green
mature tomatoes revealed that as much as 84 % of
the catabolized glucose was routed via the EMP
glycolytic pathway in conjunction with the TCA
processes.

MATERIALS AND METHODS
FRUITS: The tomato, cucumber, lime and orange

fruits used in the present experiments were obtained
from the local market. Specimens for each experi-

1 Received April 10, 1958.
2 This research was supported in part by a contract

from the Atomic Energy Commission (no. AT(45-1)-
573), published with the approval of the Monograph
Publication Committee, Research Paper no. 338, School
of Science, Department of Chemistry.

3 Present address, Western Fish and Nutrition Lab-
oratory, Cook, Washington.

ment were selected on the basis of uniformity in size
and degree of maturity. In the case of tomato ex-
periments mature fruit (grown to full size) of the
Michigan variety furnished by the Field and Bagley
greenhouse, Salem, Oregon, were picked immediately
prior to the experiments.

CARBON-14 LABELED SUBSTRATES: Glucose-1, -2,
and -6-C14 were obtained from the National Bureau
of Standards through the kind cooperation of Dr. H.
S. Isbell. Glucose-U-C14 was purchased from Tracer-
lab Inc. Glucose-3(4)-C14 was prepared in this
laboratory according to the method of Wood et al
and was reported to be labeled almost exclusively
(97 to 98 %) on carbon atom 3 and 4 (12).

ADMINISTRATION OF LABELED SUBSTRATE: Aqueous
solution of labeled glucose was introduced into the
fruit by one of two methods. In the qualitative
survey of the occurrence of the direct oxidative path-
wav in various fruits, a cylindrical well (4.5 mm
diameter and 25 mm in depth) was bored into the
center of the test fruits, into which was introduced
0.2 ml of the solution containing 0.50 mg of labeled
glucose having a radioactivity of 0.5 to 1.0 uc. The
well was then sealed with the aid of paraffin. Inas-
much as the area of the well was defined, it is reason-
able to believe that in each variety of fruit tested, the
labeled substrate was exposed to a constant area of
fruit tissue. Test experiments designed for evaluation
of the validity of this method of administering the
substrate revealed that results obtained with fruits of
a given variety were reproducible within 15 % and is,
therefore, considered to be satisfactory for qualitative
studies.

In the case of quantitative estimation of pathways
in tomatoes the substrate solution was introduced
into fruit, selected to have weights very close to each
other, by means of a modified vacuum infiltration
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